An atomic scale model of amorphous calcium silicate hydrate (C-S-H) with Ca/Si ratio of 1.67 is constructed. Effects of temperature on mechanical properties of C-S-H structure under tensile and compressive loading in the layered direction are investigated via molecular dynamics simulations. Results from present simulations show that (1) the tensile strength and Young's modulus of C-S-H structure significantly decrease with the increase of the temperature; (2) the water layer plays an important role in the mechanical properties of C-S-H structure; (3) the compressive strength is stronger than tensile strength, which corresponds with the characteristic of cement paste.
Introduction
The hydration products of Portland cement are mainly calcium silicate hydrate (C-S-H) and calcium hydroxide (CH), of which C-S-H accounts for about 60%-70% and CH about 20%. C-S-H is the most important binding phase of cement paste, which has a great influence on the mechanical properties of the cement paste. The investigation of the C-S-H structure model and its mechanical properties for the C-S-H gel may help to improve the performance of concrete and to understand the constitutive relationship of the concrete, thus to design the high strength concrete with good durability. There have been many investigations of C-S-H since recent decades, though an accurate enough model is still under seeking so far to describe the atomic structure of C-S-H.
The atomic structure of C-S-H is commonly modeled from the tobermorite or jennite structure. Ye et al. [1] have built a long-range disordered and short-range ordered amorphous C-S-H structure by the annealing process based on Hamid's tobermorite model [2] . However, two basic characteristics, the calcium-to-silicon ratio (Ca/Si) and the density, of the amorphous C-S-H structure are incompatible with the real C-S-H. Murray et al. [3] have compared the mechanical properties of Hamid's 11Å tobermorite [2] and the possible C-S-H structure [4] by removal of the bridging silica tetrahedral of silicon chain in 11Å tobermorite, finding that the discontinuous silicon chain in C-S-H can lead to a decrease in the tensile strength. In fact, the nuclear magnetic resonance (NMR) experiment has confirmed that the siliconoxygen tetrahedron in C-S-H has a certain distribution of : 0 ≈ 10%, 1 ≈ 67%, and 2 ≈ 23% [5] . Besides, research by small-angle neutron scattering measurements also gave out the chemical component as (CaO) 1.7 (SiO 2 ) (H 2 O) 1.8 and determined the Ca/Si ratio and the density of C-S-H particles, which are separately 1.7 and 2.6 g/cm 3 [6] . Pellenq et al. [7] have proposed a cCSH model based on experimental data [5, 6] , with the Ca/Si ratio of 1.7 and the density of 2.45 g/cm 3 . In accordance with the experimental data, Pellenq et al. [7] have also proposed a bottom-up atomic modeling method of the cCSH molecular structure, which can be described mainly as follows: the supercell of the anhydrous 11Å tobermorite [2] for the initial configuration is constructed without considering the presence of any OH groups; some of the silicon-oxygen tetrahedrons are deleted to obtain a defected C-S-H structure, where 0 = 10%, 2 Journal of Nanomaterials potential for relaxation at 0 K; the water adsorption of the C-S-H model at 300 K with the Grand Canonical Monte Carlo (GCMC) is simulated, with a density of 2.56 g/cm 3 , with further relaxation at 0 K. The final model with the chemical composition of (CaO) 1.65 (SiO 2 )(H 2 O) 1.75 is obtained with a density of 2.45 g/cm 3 , which has a good agreement with the neutron scattering experiments of (CaO) 1.7 (SiO 2 )(H 2 O) 1.8 .
According to the modeling method of Pellenq et al., Hou et al. [8, 9] have investigated the mechanical properties of C-S-H during the axial stretching process in three different directions using ClayFF [10] force field, as well as the influence of the contained water percentage on the mechanical properties of the C-S-H using the CSH-FF [11] force field. For Young's modulus of C-S-H, Constantinides and Ulm [12] have obtained Young's modulus of LD C-S-H and HD C-S-H by nanoindentation experiment, which are 21.7 GPa and 29.4 GPa, separately. Hou et al. [9] have also investigated the effects of water/calcium ratio (W/C = 0.0-1.0) on the mechanical properties of the layered C-S-H based on the CSH-FF force field. Their work shows that Young's modulus decreases from 67 GPa to 47 GPa and the maximum tensile strength decreases from 7.5 GPa to 3.8 GPa with the increase in water.
However, in practical engineering, concrete is often exposed in a variety of environments, where certain parameters (temperature, pressure, and humidity) may have a greater influence on the mechanical properties of the C-S-H. For instance, the extreme temperature in Russia and Canada could be lower than 200 K (where local people still live) and some concrete structures in certain factories (such as nuclear power plants) may suffer as high temperature as 400 K or even higher. However, the influence of the temperature on Young's modulus of C-S-H structure on the nanometer scale has seldom been considered and investigated yet. In order to understand the macroscopic mechanical properties of concrete, it is necessary to understand the structure and behavior of C-S-H gel at the atomic level. In present work, we mainly focus on the influence of the temperature on mechanical properties of C-S-H structure under tensile/compressive loading. The stress-strain curve, Young's modulus, density, tensile strength, and tensile deformation process of C-S-H under different temperatures were analyzed.
Numerical Simulation of C-S-H

Model and Force Field.
For the real amorphous C-S-H, the main features of the structure need to be considered, such as long-range disorder, short-range order, calcium silicon ratio (Ca/Si), the layered structure, distribution, and density. The construction of the amorphous C-S-H model is referred to as Pellenq's cCSH model based on the experimental data [5, 6] . The initial configuration is monoclinic as shown in Figures 1(a) and 1(b) showing how to make an orthogonal box conversion of the atomic structure before the simulation. The relative atomic position and model size remain unchanged after the box transformation. Figure 2 records the main procedures of C-S-H model construction. First of all, the orthogonal supercell of Hamid's 11Å tobermorite is prepared and the presence of hydroxyl groups and water molecules are not considered. Then some parts of the SiO 2 group in silica tetrahedron are deleted to satisfy distribution and Ca/Si ratio. Based on that, the intralayer calcium atoms are allowed to relax by energy minimization using ClayFF potential, followed by all the other atoms and the supercell dimensions. Grand Canonical Monte Carlo method [13] is used to simulate the water molecules adsorption using the same potential at room temperature. The final C-S-H with the chemical composition (CaO) 1.67 (SiO 2 )(H 2 O) 1.69 , the density of 2.45 g/cm 3 , and the reasonable distribution ( 0 = 11.6%, 1 = 65.1%, 2 = 23.3%) is obtained, which is in good agreement with the results from neutral scattering tests [6] .
The ClayFF force field is suitable to simulate crystalline compounds containing water state and so forth [10] . ClayFF is also applied in current work to simulate the structure and investigate mechanical properties of the C-S-H model. SPC model is used for the water molecules [14, 15] . LAMMPS [16] program, a classical molecular dynamics (MD) code, is used to perform the MD simulation of C-S-H. In order to eliminate the border effect due to the size restriction of the system, the periodic boundary condition is set in the simulations. The parameters of ClayFF force field are detailed in [10] . In the present work, all atoms are classified into seven types: Ca (interlayer calcium), Cw (intralayer calcium), Si (silicon), Ob (bridging oxygen in silica chain), O (nonbridging oxygen in silica chain or calcium layers), Ow (oxygen in water molecule), and Hw (hydrogen in water molecule).
Simulation Procedure.
The Lennard-Jones (12-6) potential type is employed to describe the interactions of the nonbonded atoms, which can be expressed as
where the cutoff radius of Van der Waals force is 8.0Å. Meanwhile, parameters of and are estimated by using the arithmetic mixing rules as
PPPM summation method [17] is used to calculate the long-range Coulomb interactions, and the calculation precision is set to 0.00001. During the GCMC simulation, the temperature is set to 300 K and the chemical potential is set to zero, with the time step of 0.1 fs; after GCMC simulation, a 2.20 nm × 2.18 nm × 2.24 nm C-S-H (C/S = 1.67) model (4 × 3 × 1 ) is obtained with 981 atoms and the density increases to 2.45 g/cm 3 ; then the box is relaxed by the NPT equilibrium condition about 25 ps, where the pressure is controlled to be zero in all , , and directions. The velocity Verlet method is used to integrate the classical equations of motion with a time step of 0.1 fs. A bigger C-S-H model is constructed by periodic extension in , , directions to 4.5 × 4.5 × 8.8 nm The tensile/compressive loading is imposed by changing the -axis dimension of C-S-H with a strain rate of 0.08/ps under the NPT ensemble. The pressure in direction is not controlled during the loading process, while pressures in the other two directions remain zero. As the tensile strength in layered direction is the weakest as given by Hou et al. [8] , this paper mainly focuses on the temperature effect on the behavior at layered direction ( -direction) to further investigate the tensile/compressive mechanical properties of C-S-H gel at various temperatures.
Results and Discussion
In consideration of the potential application of concrete structure, as mentioned in the 1st section of this paper, uniaxial tensile and compressive strain rate were applied to the atomic structure of C-S-H gel at a temperature range from 100 K to 500 K. The internal force on the atoms and deformation of the model were extracted and calculated for further analysis. Figure 3 shows the stress-strain curves (layered direction) under uniaxial tension at different temperatures. A linear portion can be observed, and hence the elastic modulus can be ascertained. The elastic modulus of the C-S-H gel was computed by the slope of the linear portion of the tensile stress-strain curve. The data of the density, tensile strength, Young's modulus, and failure strain obtained from the uniaxial tension simulations of the C-S-H structure at different temperatures are shown in Table 1 . Young's modulus in the present work is 27.3 GPa at 300 K, which is in good agreement with the results reported before [8] . The tensile strength gradually reduces from 1.84 GPa to 0.91 GPa with the increase of the temperature from 100 K to 500 K at Figure 3 . Meanwhile, for the stress-strain curves at temperatures from 100 K to 400 K, the stress increases rapidly to reach the elastic limit, then the simulated structures undergo a yielding stage followed by a strain-hardening stage. After the stress increases to the ultimate value, each system exhibits a characteristic of brittle fracture. However, the curve of 500 K is different from the others. When the temperature is up to 500 K, there is no longer the yield plateau or the strainhardening stage. It is clear from Table 1 that the density decreases with the increase of the temperature, from 2.46 g/cm 3 at 100 K to 2.33 g/cm 3 at 500 K, which indicates that there is little temperature effect on the atomic structure of C-S-H within the range of 100 K-500 K. Besides, the tensile strength of present C-S-H structure (with water/calcium ratio of 0.92) also decreases from 1.84 GPa to 0.91 GPa, which is close to the results of the model with water/calcium ratio 0.95 by Hou et al. [9] . Moreover, Young's modulus at 300 K is about 27.3 GPa, which is quite close to the nanoindentation experiment result 29. 4 GPa by Constantinides and Ulm [12] and the simulation result 26.1 GPa obtained by Hou et al. [8] . It could be found that the temperature changes have great effects on Young's modulus, which decreases from 33.3 GPa to 14.4 GPa with the increase in temperature. Figure 4 shows how the damage occurred in the C-S-H structure during the stretching process at different temperatures, which indicates a clearly temperature dependence of the failure mode. It can be clearly observed that the water layers are gradually separated with the increase of the tensional strain, subsequently leading to the cracks formed in C-S-H. In fact, it is due to these cracks of the water layers that the tensile strength of C-S-H significantly decreases in the layered direction. In other words, the intralayer water molecules are the weakest parts of the C-S-H gel, which makes the whole structure (at atomic level or macroscopically) brittle and weak.
The behavior of C-S-H under uniaxial compression was also simulated and the compressive stress-strain curves are presented in Figure 5 (a). A good linear portion can be observed at the beginning stage of the curves though each curve is fluctuating consistently due to the statistical attributes of MD data. And Figure 5 (b) displays the linear fit value of the compressive stress at different temperatures. The linear slope decreases clearly with the increase of the temperature. The simulated compressive strength, Young's modulus, and peak strain of C-S-H are listed in Table 2 . Young's modulus obviously decreases with the increase in temperature and there is almost a reduction trend of the compressive carrying capacities. However, the strength and peak strain at 100 K are not the greatest at all. Meanwhile, it can be found in Figure 5 (a) that the compressive stressstrain curves do not exhibit yield plateau in all the simulated cases except at 100 K. It seems that extremely low temperature does not make C-S-H stronger and brittle but makes it lose bearing capacities prematurely and come through a yielding stage. At 200 K-500 K, the compressive stress increases to the ultimate value and then the structure immediately fails, which is consistent with the brittle characteristic of cement and concrete in the usual impression. All those imply a great influence of temperature on the compressive performance of the C-S-H gel.
Comparing the cases of tension and compression, the compressive strength of the C-S-H gel is much larger than the tensile one at certain temperature. Similar situation happens at the macrolevel because it is universally known that the cement paste is strong in compression and weak in tension. Journal of Nanomaterials Therefore, the discrepancy between the compressive and tensile behavior of C-S-H gel at the nanolevel also gives a kind of atomic insight into the tensile weakness of cement paste.
Conclusion
The molecular structure, mechanical properties, and temperature effect of C-S-H gel at the atomic level were investigated via MD simulations. The uniaxial loading processes in the layered direction of C-S-H gel were simulated at different temperatures and the relative stress-strain curves and density were analyzed. Main results are as follows:
(1) With the increase in temperature, the tensile strength of C-S-H decreases significantly.
(2) Young's modulus reduces with the increase in temperature, from 33.3 GPa to 14.4 GPa under tension and from 44.8 GPa to 23.5 GPa under compression.
(3) The water layer is an important factor affecting the mechanical properties and deformation performance of C-S-H.
(4) C-S-H becomes stronger and more brittle under compression as the temperature increases, but extremely low temperature does not make C-S-H stronger but makes it lose bearing capacities prematurely.
(5) C-S-H gel shows a strong compressive strength in compression and a weak tensional strength, which helps to understand the characteristic of cement paste better at the macrolevel.
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